Introduction
Breast-conserving surgery (a.k.a. partial mastectomy or lumpectomy) is carried out on a majority of the ≈200 000 DOI: 10.1002/smll.201601829
There is a need for intraoperative imaging technologies to guide breast-conserving surgeries and to reduce the high rates of re-excision for patients in which residual tumor is found at the surgical margins during postoperative pathology analyses. Feasibility studies have shown that utilizing topically applied surface-enhanced Raman scattering (SERS) nanoparticles (NPs), in conjunction with the ratiometric imaging of targeted versus untargeted NPs, enables the rapid visualization of multiple cell-surface biomarkers of cancer that are overexpressed at the surfaces of freshly excised breast tissues. In order to reliably and rapidly perform multiplexed Raman-encoded molecular imaging of large numbers of biomarkers (with fi ve or more NP fl avors), an enhanced staining method has been developed in which tissue surfaces are cyclically dipped into an NP-staining solution and subjected to highfrequency mechanical vibration. This dipping and mechanical vibration (DMV) method promotes the convection of the SERS NPs at fresh tissue surfaces, which accelerates their binding to their respective biomarker targets. By utilizing a customdeveloped device for automated DMV staining, this study demonstrates the ability to simultaneously image four cell-surface biomarkers of cancer at the surfaces of fresh human breast tissues with a mixture of fi ve fl avors of SERS NPs (four targeted and one untargeted control) topically applied for 5 min and imaged at a spatial resolution of 0.5 mm and a raster-scanned imaging rate of >5 cm
2 min −1 .
patients who are diagnosed with early-stage breast cancer each year in the United States. [ 1 ] Unfortunately, studies have shown that 20%−60% of lumpectomy patients require additional re-excision surgeries if postoperative pathology reveals that the resection margins are positive for tumor. [ 2 ] In the past, the existence of a close margin, in which postoperative pathology revealed the presence of tumor cells within 2 or 3 mm of the surgical margin surface (the "inked" surface), was often used as a criterion to warrant re-excision. However, recent consensus publications advocate defi ning a negative margin as "no tumor at the inked surface" (i.e., no tumor at the most superfi cial surface of the surgical excision), especially for invasive breast cancer. [ 3 ] Regardless of an institution's criterion for re-excision, there is no debate that the presence of any subtype of breast tumor at the surgical margin surface ("tumor on ink") is unacceptable and that small 2016, 12, No. 40, 5612-5621 www.small-journal.com there would be value in an intraoperative technology to comprehensively assess these surfaces for the presence of residual tumor at the fi nal stages of lumpectomy. High specifi city of tumor detection for such an intraoperative method would be necessary to minimize overexcision and to optimize patient cosmesis (a major goal of breast-conserving surgeries). However, if postoperative pathology could continue to be relied upon as a gold standard to assess the extent of resection, then even moderate tumor-detection sensitivity for an intraoperative method would greatly reduce the rate of re-excision surgeries and result in signifi cant cost savings and benefi ts to patients (e.g., less risk of iatrogenic injury, less psychological and emotional distress from multiple surgeries, etc.).
Frozen-section pathology is utilized to guide the resection of certain tumor types. However, frozen sectioning is diffi cult to perform for breast tissues due to their high lipid content and suffers from severe sampling errors since only small numbers of tissue sections (typically 5 µm thick) can be rapidly prepared on slides and visualized under a microscope. As a result, frozen sectioning can yield signifi cant false-negative rates.
[ 4 ] In addition, frozen sections require the destruction of valuable tissues that should otherwise be assessed via archival formalin-fi xed paraffi n-embedded histopathology. There are other optical strategies in various stages of preclinical and/or clinical development, such as confocal mosaicing microscopy, [ 5 ] multiphoton microscopy, [ 6 ] light refl ectance spectroscopy, [ 7 ] autofl uorescence lifetime measurement, [ 7b ] intrinsic Raman spectroscopy, [ 8 ] and touch-prep cytology. [ 9 ] These techniques all have the potential to improve lumpectomy procedures, but with certain limitations, [ 10 ] and there are currently no intraoperative tools to enable surgeons to detect positive margins with high sensitivity and specifi city, and to do so comprehensively for the entire surgical-margin surface.
The molecular imaging of overexpressed cell-surface biomarkers that are uniquely overexpressed by tumors is an approach with the potential to provide extremely high tumordetection specifi city. [ 11 ] However, in order to achieve high tumor-detection sensitivity, multiplexed biomarker detection is necessary since the molecular phenotypes of most tumors, including breast tumors, vary greatly between individuals as well as within a single tumor mass. [ 12 ] Recently, surfaceenhanced Raman scattering (SERS) nanoparticles (NPs), hereafter referred to as "SERS NPs" or "NPs," have attracted interest due to their multiplexing capability. [ 13 ] These SERS NPs exist as various "fl avors," each of which generates a characteristic spectral "fi ngerprint" when illuminated by a single laser at one wavelength. [ 14 ] By conjugating various fl avors of SERS NPs to different antibodies and applying them simultaneously on tissues, the NPs can target a panel of protein biomarkers of cancer. In order to perform quantitative imaging of multiple biomarkers at the surfaces of fresh tissues, we have been developing a Raman-encoded molecular imaging (REMI) technology that is enabled by a rapid topical-staining protocol with targeted SERS NPs. [ 10 ] A critical component of the REMI technique is the use of a ratiometric-imaging method, which allows for the accurate quantifi cation of biomarker expression levels by utilizing one untargeted NP fl avor to normalize for any nonspecifi c accumulation of the NPs, as for example due to off-target binding, uneven topical delivery and washout, and variations in tissue permeability and retention. [ 15 ] We have recently demonstrated that the topical application and ratiometric imaging of three SERS NPs (two targeted and one isotype control) can enable the simultaneous quantifi cation of two biomarkers in fresh tissues within 15 min. [ 10 , 15a,16 ] While these results were valuable for demonstrating the feasibility of the REMI approach for identifying residual tumors at the surfaces of fresh excised tissues, improving the degree of multiplexing would further improve the sensitivity of REMI for tumor detection. Previous studies have used untargeted SERS NPs to show that the multiplexed imaging of up to ten fl avors of SERS NP is feasible. [ 14, 17 ] However, the multiplexed imaging of more than two biomarkers with targeted SERS NPs has never been achieved in practice in real tissues.
In order to extend REMI for the imaging of four biomarkers (with a mixture of fi ve NPs) or more, a major challenge to overcome is the fact that the detection limits and accuracy of REMI gradually deteriorates as increasing numbers of NP fl avors are multiplexed. This is primarily due to spectral crosstalk and insuffi cient signal-to-noise ratios of the detected Raman spectra ( Figure S2 , Supporting Information).
[ 16b ] To improve the degree of multiplexing for REMI, it is necessary to improve the SERS signal intensity (NP concentrations) in NP-stained tissues, while maximizing the ratio of targeted versus untargeted NPs (molecular contrast) in biomarker-positive tissues. An additional goal is to improve the speed of staining (previously ≈10 min) to improve the clinical utility of REMI.
Through extensive optimization studies, we have developed a method to signifi cantly enhance the speed and the degree of multiplexing of REMI by periodically dipping tissue specimens into and out of an NP-staining solution in conjunction with high-frequency mechanical vibration (hereafter referred to as "DMV staining"-"dipping and mechanical vibration"). To validate our technique, we demonstrate that this method enables multiplexed imaging of fi ve or more NP fl avors after a 2-5 min topical application procedure. In addition, to perform DMV staining optimally and reproducibly, an automated staining device has been developed to simultaneously stain multiple tissues.
Results and Discussion

DMV to Enhance the Effi ciency of Topical Staining
Optimization experiments have been performed to improve the speed and effectiveness of the topical staining of fresh tissues surfaces with SERS NPs. A staining method was designed to enable the surface of a fresh tissue shaving (typically 4-8 mm thick) to be stained while preventing NPs from staining and generating interfering signal from the other side of the tissue shaving. A variety of staining methods were tested and are depicted in Figure 1 a. The method labeled as "Static I" involves staining tissue shavings with NPs applied on the top surface of the tissue. However, this leads to NPs migrating to the bottom surface due to gravity, which is not ideal. With the "Static II" method, tissue shavings are placed on a glass slide, where the bottom surface of the tissue is stained in a pool of NPs. This method requires a low volume of NPs (≈20 µL NPs at 150 pM per 1 cm 2 of tissue surface) but has a low staining effi ciency that often yields NP concentrations that are below the detection limits of our imaging system when four or more NP fl avors are multiplexed (Figure 1 b,c) . To improve the staining effi ciency, various mechanical methods were investigated, including shaking, ultrasonic vibration and high-frequency vibration (Figure 1 a) . However, improvements in staining effi ciency were often confi ned to the tissue edges (Figure 1 b) . The most effective method to improve the effi ciency of tissue staining was to cyclically dip the tissue into and out of a NP-staining solution, which increased the average NP concentration on the tissue surfaces by 3× and the minimum NP concentration by 4× compared with the static staining methods (Figure 1 Comparison and optimization of methods to enhance the effectiveness of topical staining of fresh tissues with SERS NPs. Rat muscle tissues were topically stained for 10 min using a variety of methods, followed by a 10 s rinse in PBS and raster-scanned imaging of the NPs that remain at the tissue surface. a) Illustration of six staining methods, including staining the tissue surfaces from the top (Static I), staining from the bottom (Static II), low-frequency shaking with a vortex mixer (Shaking), ultrasonic vibration (Sonic), high-frequency (267 Hz) vibration, and lowfrequency (once per 20 s) dipping of the tissue into and out of a NP-staining solution. b,c) Comparison of NP concentrations from tissues that were stained using the six different methods. b) representative images of NP concentrations, and c) box plots of NP concentrations ( n = 3 tissues, log scale) from the experiments shown in (a). The horizontal dashed lines in (c) indicate the detection limits of our spectral imaging system (at a pixel rate of 10 Hz), when 2-5 NP fl avors are multiplexed ( Figure S2 , Supporting Information). d) Representative images and e) box plots ( n = 3 tissues, log scale) of measured NP concentrations from tissues stained via dipping into and out of a staining solution at different frequencies.
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The minimum NP concentration, measured from the most poorly stained region of the tissue, is an important metric that should remain above the detection limit of the imaging system to ensure accurate REMI measurements across the entire tissue surface. In summary, the dipping method was found to be far superior to static or vibration-aided staining methods, and yielded NP concentrations that, according to prior limit-of-detection studies, should theoretically allow for the accurate multiplexed imaging of fi ve or more NP fl avors (Figure 1 c, Figure S2 , Supporting Information).
Independently of our work, a recent publication reported that periodically removing and replenishing an NP-staining solution signifi cantly enhanced in vitro staining effi ciencies compared with static staining or agitated staining. [ 18 ] In that work, a mechanistic hypothesis that was offered to explain their results is that the rapid binding of large NPs to surfaces (in vitro), along with their slow diffusion rates, lowers the NP concentrations near the bioassay surfaces. This so-called "NP depletion layer" was presumed to inhibit the targeted binding of the NPs. [ 18 ] An alternative hypothesis that we have formulated is that a low-velocity boundary layer exists at the tissue surface (a classical fl uid mechanics assumption) in which the velocity of the fl uid (and hence the NPs) is extremely low (i.e., the "no-slip" condition in fl uid mechanics). Since fl uid motion (convection) is essential for our targeted NPs to encounter their protein targets, the existence of such a boundary layer would signifi cantly impede the staining process. In addition, with tissues placed on a smooth staining surface, only a thin gap exists between the tissue and the surface upon which it sits, which further restricts fl uid convection. The act of dipping tissues into and out of a staining mixture serves to disrupt any depletion layers or boundary layers that may be hampering the NP staining process. An observation that supports this view is that tissue staining is more effi cient when the dipping occurs more frequently even if this results in the tissues spending less total time in the staining mixture (Figure 1 d,e) . Note that these mechanisms may be unique for large NPs with a size of >100 nm, and that small molecules (e.g., peptides, fl uorophores, and even antibodies with a size of <10 nm) may be governed by a different regime of transport properties (e.g., Brownian motion, random-walk, etc.), making them potentially less affected by bulk fl uid convection and depletion-layer/boundary-layer effects.
Based on optimization studies, a short dipping interval (5 s) was ultimately selected to maximize NP-staining efficiencies (Figure 1 e) . In addition, high-frequency (≈270 Hz) mechanical vibration was incorporated, as it was shown to be the next-best method (after dipping) and provided further improvement in staining effi ciency ( Figure S3c , Supporting Information). Note that securing tissue shavings from their top surface minimizes interference with the bottom surface and improves the staining of that bottom surface ( Figure S3a ,b, Supporting Information).
Automated Device for Enhanced Topical Staining of Tissues
In order to apply the DMV method to enhance the topical staining of various types/sizes of tissues with high reproducibility, an automated staining device was designed and developed ( Figure 2 , Figure S4 and Video S1, Supporting Information). This system utilizes a suction plate to secure tissue specimens from above (Figure 2 b) while allowing their bottom surfaces (the surgical margin surfaces) to be stained with a multiplexed mixture of SERS NPs. A servo motor (RadioShack, 2730766) lowers the staining reservoir every 5 s to completely remove the NP mixture from the tissue surface, and then dips the tissue back into the mixture after 2 s (Figure 2 d,e) . Two vibration elements are positioned under the glass slide that holds the staining mixture (Figure 2 c) in order to further enhance the staining effi ciency ( Figure S3c , Supporting Information). To allow the simultaneous staining of multiple tissue specimens, the automated device contains three separate suction plates. Each suction plate is adjustable in height in order to account for variable thicknesses amongst different tissue specimens. Figure 2 f is a design schematic of the device with all circuitry enclosed in a sealed housing.
Improved Ratiometric Imaging through DMV Staining
The ratiometric imaging of up to three SERS NPs has previously been demonstrated to be an effective strategy to quantify protein biomarkers in fresh tissues. [ 10 , 15a,f , 16a , 17b,19 ] Prior to imaging fresh human tissues, the automated staining device was employed to study the effect of the DMV method for the ratiometric imaging of well-characterized tumor xenografts ( Figure 3 ). Normal rat muscle and A431 tumor xenograft specimens were stained with an equimolar mixture of epidermal growth factor receptor (EGFR)-NPs and isotypeNPs (150 pM per fl avor) using either the "Static II" method in Figure 1 a or the automated DMV staining device in Figure  2 f, followed by a 10 s rinse in phosphate buffered saline (PBS) and raster-scanned imaging. Figure 3 b,e shows the concentration ratio of EGFR-NPs versus isotype-NPs. For normal tissues, as the staining duration increases, the concentration ratio remains at unity while the variance becomes smaller (Figure 3 c) . The reason the variance decreases is that the NP concentrations increase with staining duration, [ 10 ] which reduces the error in the NP measurements. Figure 3 c shows that 2 min of DMV staining yields ratiometric images with less noise compared with 2 min of static staining. For tumor xenografts that are statically stained (Figure 3 e,f), 10 min of staining is necessary to yield optimal NP ratios (EGFR-NPs vs isotype-NPs), which is in agreement with previous studies. [ 10 ] In comparison, just 2 min of DMV staining yields similarly high NP ratios (Figure 3 e,f) . In other words, DMV staining shortens the time (2-5 min) that is required to maximize the specifi c versus nonspecifi c ratio of the SERS NPs for the ratiometric quantifi cation of biomarkers. Figure 4 shows that the large size of the SERS NPs (≈120 nm) causes topically applied NPs to be confi ned to the tissue surface with a negligible penetration depth of 10-20 µm. Note that compared to static staining, DMV staining only enhances the NP binding and accumulation at the tissue surface, rather than increasing the NP penetration depth (Figure 4 ). This is important to ensure that unbound NPs are easily and rapidly washed out (rather than trapped in the tissue), which allows for maximum NP ratios to be achieved in biomarker-positive tumors, as well as maximum tumor-to-normal contrast.
Highly Multiplexed Biomarker Imaging through DMV Staining
As discussed above, DMV staining greatly enhances the topical application effi ciency of our SERS NPs and should enable the multiplexed imaging of fi ve or more fl avors of SERS NPs. Using the automated DMV-staining device, ex vivo studies with tumor xenografts and human breast tissues were performed to demonstrate the rapid imaging of four or fi ve fl avors of SERS NPs to quantify the expression of three or four protein biomarkers (respectively) at the surfaces of fresh tissue specimens.
A resected tumor xenograft specimen (A431) and a normal rat muscle specimen were simultaneously stained using the DMV staining device with an equimolar mixture of HER2-NPs, EGFR-NPs, CD44-NPs and isotype-NPs (150 pM per fl avor, 5 min), followed by a quick rinse in PBS (10 s) and raster-scanned spectral imaging (<2 min) ( Figure 5 ). After spectral demultiplexing, three ratiometric images may be obtained from this single REMI experiment (Figure 5 c) . The ratiometric images provide a quantitative representation of EGFR, HER2, and CD44 expression that is consistent with fl ow cytometry and IHC results (Figure 5 a,d,e) .
To demonstrate the feasibility of REMI, with convection-enhanced DMV staining, to rapidly assess a large panel of biomarkers in human surgical specimens, we imaged eight fresh human breast tissue specimens excised from fi ve patients ( Figure 6 ). Using the automated DMV staining device, each tissue specimen was stained with a fi ve-fl avor NP mixture (EGFR-NPs, HER2-NPs, CD44-NPs, CD24-NPs and isotype-NPs, 150 pM per fl avor) for 5 min, followed by a 10 s rinse step in PBS. An area of up to 4 × 4 cm 2 was raster-scanned within 3 min (i.e., >5 cm 2 min −1 ). After spectral demultiplexing, four ratiometric images may be obtained from each single REMI experiment (Figure 6 b) . The entire REMI procedure (staining, rinsing, and imaging) was performed in less than 10 min, a time frame that is consistent with current intraoperative guidance techniques such as specimen X-ray and frozen-section pathology (which typically requires >20 min and suffers from sampling errors). Ratiometric REMI accurately quantifi es HER2, EGFR, CD44, and CD24 expression levels in agreement with IHC validation data ( Figure 6 b,c) . The concentration ratios of biomarkertargeted NPs versus isotype-NPs on IHC-validated biomarker-positive regions are signifi cantly elevated (Figure 6 d) , indicating preferential binding of targeted NPs to their biomarker targets with high tumor-to-normal contrast. In summary, the results show that DMV staining improves the capability of REMI to visualize a large panel of overexpressed tumor biomarkers in 10 min (≈5 min for staining and ≈5 min for imaging), with the potential to assess surgical margins intraoperatively with high specifi city and sensitivity and to reduce the need for re-excision surgeries.
Conclusion
Ratiometric imaging of topically applied SERS NPs (i.e., REMI) has been demonstrated as a quantitative approach to simultaneously visualize the expression of multiple protein biomarkers at fresh tissue surfaces, and to potentially guide tumorresection procedures such as breast-conserving surgeries. [ 10 ] However, previous topical application methods suffered from poor staining effi ciency, which led to inaccurate NP measurements and limited the capability of REMI to image large multiplexed panels of biomarkers. ( Figure 1 ) , we have developed an enhanced topical application method, the DMV method, to greatly improve the NP binding effi ciency for REMI, and thereby increase the degree of multiplexing as well. Compared to conventional staining techniques, DMV staining signifi cantly improves staining rates, and most importantly, the rate of specifi c versus nonspecifi c NP accumulation. As a result, the overall staining time for REMI has been reduced to 5 min or less, as compared to previous studies that utilized staining times of 10-15 min, [ 10 , 15a ] along with the added benefi t of a greater degree of multiplexing (5 NPs) with no loss in accuracy.
Through imaging experiments with tumor xenografts and human breast tissues, we have demonstrated that the DMV method enables the simultaneous quantifi cation of at least four biomarkers on large tissue surfaces after a 2-5 min staining duration (Figures 3 , 4 , 5 , 6 ). This reduction in staining time is not only of great clinical benefi t, but could also enable the spatial resolution of REMI to be improved through the use of a smaller illumination spot size coupled with a fi ner sampling pitch for this raster-scanned imaging method (e.g., a 100 µm resolution for the identifi cation of low numbers of tumor cells). Future clinical studies will assess the ability of our optimized REMI technology to rapidly and comprehensively assess entire surgical margins for the presence of residual tumor without the sampling errors that are inevitable with histopathology.
Experimental Section
REMI System : A customized spectral-imaging system was developed to measure the concentration and concentration ratio of SERS NPs applied on tissue specimens. [ 10 ] The raster-scanned imaging of a tissue surface was performed by using a fi xed spectral-imaging probe (FiberTech Optica Inc.) to image a thin tissue specimen that was translated with a two-axis stage (Newmark systems Inc., ET-50-11). The imaging probe utilized a multimode fi ber (100 µm core, 0.10 NA) at the center of the probe for illumination, which was surrounded by 27 multimode fi bers (200 µm core, 0.22 NA) for collection of Raman, autofl uorescence, and back-scattered laser light. A 785 nm diode laser (15 mW at the tissue) was used to illuminate the tissue, creating a laser spot with a diameter of 0.5 mm (imaging resolution). Photons collected by the 27 multimode fi bers were transmitted to a customized spectrometer (Andor Figure 6 . Multiplexed molecular imaging of freshly excised breast tissues with REMI in which automated DMV staining of a fi ve-fl avor mixture of NPs is employed. Each tissue specimen is stained with an equimolar mixture of HER2-NPs, EGFR-NPs, CD44-NPs, CD24-NPs, and isotype-NPs (5 min), followed by a quick rinse in PBS (10 s Holospec), where they were fi ltered (to remove autofl uorescence and back-scattered laser light) and then dispersed onto a cooled deep-depletion spectroscopic CCD (Andor, Newton DU920P-BR-DD). The imaging probe was angled at 45° with respect to the tissue surface to minimize the collection of specular refl ections. The detector integration time (i.e., the spectral acquisition rate, which equals the pixel rate) utilized in this study was 0.1 s. A direct-classical-least-squares (DCLS) algorithm was employed to calculate the concentration and ratio of various SERS NP fl avors as described previously. [ 10 , 16b ] In short, the acquired raw spectra were demultiplexed using the DCLS algorithm to calculate the weight of spectral components based on their reference spectra (e.g., reference spectra of the SERS NPs, the principal components of tissuebackground spectra, etc.). The NP weights were then converted to NP concentrations based on calibration measurements with stock NPs of known concentrations. The NP concentrations were used to calculate concentration ratios for ratiometric mapping (of specifi c vs nonspecifi c NP accumulation). A high degree of measurement linearity for NP concentrations in the range of 1-400 pM was demonstrated ( Figure S2 , Supporting Information and previous publica tions [ 15a,e , 16b,20 ] ).
Tissue Staining and Imaging : Prior to staining, tissue specimens were raster scanned to acquire a set of background spectra for the calculation of their principal components (to account for background variations during least-squares demultiplexing). The tissue surfaces were then stained using the methods discussed in the Results section (Figures 1 and 2 ) . NP mixtures were applied with ≈20 µL per 1 cm 2 of tissue area (150 pM per fl avor) and contained 1% BSA to minimize nonspecifi c binding (an optimal staining condition found in our previous studies). [ 10 ] For the "shaking" method in Figure 1 a, a microplate vortex mixer (Fisher, 02216101), set to a speed of 300 rpm, was used to shake the NP-staining solution and tissue on a glass slide. For the "ultrasonic" method, an ultrasonic cleaner (Etekcity, CD-2800) was used to introduce an ultrasonic vibration (42 kHz) to the NP-staining solution. The tissue was stained in a covered petri dish to prevent aerosolized NPs from escaping to the air. For the "vibration" method, two vibration motors (Yuesui, B1034.FL45-00-015) were positioned under the glass slide to introduce a high-frequency vibration (adjustable from 167 to 267 Hz) to the staining solution and tissue. After each of the staining methods was performed, the tissue sample was rinsed in 50 mL PBS with gentle agitation for 10 s, followed by raster-scanned imaging of the entire stained tissue surface.
SERS NPs and Functionalization : SERS NPs were purchased from BD (Becton, Dickinson and Company). These NPs consist of a 60 nm diameter gold core, a unique layer of Raman reporters adsorbed onto the surface of the gold cores, surrounded by a 60 nm thick silica coating, resulting in an overall diameter of ≈120 nm ( Figure S1a , Supporting Information). The silica shell makes the SERS NP signals insensitive to the environment and immune from signal changes induced by aggregation of the NPs (since the gold cores in different NPs will never touch each other). Previous studies have demonstrated excellent linearity of NP measurements in a variety of animal and human tissues over a wide range of concentrations. [ 14 , 17c ] Five "fl avors" of NPs were used in this study, identifi ed as S420, S421, S440, S481, and S493, each of which emits a characteristic Raman spectrum due to chemical differences in the Raman reporter layer ( Figure S1b , Supporting Information).
Using a previously described conjugation protocol, [ 15a ] different SERS NP fl avors were functionalized with different monoclonal antibodies (mAb) targeting either the EGFR, the human epidermal growth factor receptor 2 (HER2), CD44, or CD24. In addition, negative-control NPs were prepared by conjugating one NP fl avor with an isotype control antibody (mouse IgG1). The NPs, which contain reactive thiols at their surface, were fi rst reacted with a fl uorophore, DyLight 650 Maleimide (Thermo Scientifi c, 62295), for the purposes of fl ow-cytometry characterization. The NPs were then conjugated with either an isotype control (Thermo Scientifi c, MA110407), an anti-EGFR (Thermo Scientifi c, MS378PABX), an anti-HER2 (Thermo Scientifi c, MS229PABX), an anti-CD44 (Abcam plc., ab6124), or an anti-CD24 (Abcam plc., ab31622) mAb at 500 molar equivalents per NP. The NP conjugates were stored at 4 °C and protected from light. UV-vis spectrophotometry was used to measure the concentration of the SERS NP conjugates (by comparing the absorbance of NP conjugates with the absorbance of stock NPs whose concentration is known). [ 15a ] Cell Culture and Flow Cytometry : The two cell lines employed in this study were A431 (ATCC, CRL-1555) and 3T3 (ATCC, CRL-1658). The cells were cultured in DMEM medium (Lonza, , which were supplemented with 10% fetal bovine serum (FBS; Thermo Scientifi c, SH3008803) and 1% penicillin-streptomycin (Lonza, 17-602E). All cells were cultured at 37 °C with 5% CO 2 . Trypsin EDTA 1X (Mediatech, MT25051CI) was used to detach cells.
Flow cytometry samples were prepared by mixing 25 uL cell suspensions (0.2 million cells) with 25 µL of NP conjugates (100 pM) for 15 min at 20 °C with gentle agitation at 300 rpm, followed by three rounds of purifi cation via centrifugation (400 g for 5 min) and supernatant-replacement (500 µL per rinse) with FACS buffer (20% FBS in PBS). Each cell line was split into equally sized samples that were individually stained by EGFR-NPs, HER2-NPs, CD44-NPs, or isotype-NPs.
Mouse Xenograft Model and Human Breast Tissues : Nude mice (Taconic Farms Inc, model NCRNU-F) were used to develop A431 tumor xenografts. All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Washington IACUC (#4345-01). A431 cancer cells (1 × 10 6 ) were suspended in matrigel (BD biosciences, 354234) at a 1:1 volume ratio to form a 100 µL mixture. Nude mice (5-8 weeks) were subcutaneously implanted in their fl anks with the cell/ matrigel mixture. The mice were euthanized by CO 2 inhalation when tumors reached a size of 10 mm, followed by the surgical removal of the implanted tumors.
De-identifi ed human breast tissue specimens were obtained from consenting patients and imaged within 1-2 h after lumpectomy or mastectomy at the University of Washington Medical Center. Tissue collection was managed by the Northwest BioTrust (NWBT) under an IRB exemption for these de-identifi ed tissues. After imaging, the tissues were fi xed with 10% formalin and submitted for histopathology (IHC and H&E staining) .
Statistical Analysis : Statistical analysis was performed in Matlab or Origin. All values in the fi gures were presented as mean ± standard deviation unless otherwise noted in the text and fi gure captions. Statistical signifi cance was calculated by a student's t -test (two-sample, unpaired), and the level of signifi cance was set at P < 0.001. For all the box plots, the bottom and top of the box represent the fi rst and third quartiles of the dataset, respectively, www.small-journal.com small 2016, 12, No. 40, 5612-5621 and the band inside the box represents the median (second quartile) of the data.
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